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Membrane dynamicsPolyphenols are naturally-occurring compounds, reported to be biologically active, and through their interac-
tions with cell membranes. Although association of the polyphenols with the bilayer has been reported, the de-
tailed mechanism of interaction is not yet well elucidated. We report on spatio-temporal real-time membrane
dynamics observed in the presence of polyphenols. Two distinct membrane dynamics, corresponding to the
two classes of polyphenols used, were observed. Flavonoids (epi-gallocatechin-3-gallate, gallocatechin,
theaﬂavin and theaﬂavin-3-gallate) caused lipid membrane aggregation and rigidiﬁcation. As simple structural
modiﬁcation through opening of the aromatic C-ring into an oleﬁn bond, present in trans-stilbenes (resveratrol
and picead), completely changed the membrane properties, increasing ﬂuidity and inducing ﬂuctuation. There
were differences in the membrane transformations within the same class of polyphenols. Structure-dependent
classiﬁcation of membrane dynamics may contribute to a better understanding of the physicochemical mecha-
nism involved in the bioactivity of polyphenols. In general, an increase in the number of hydrophilic side chains
(galloyl, hydroxyl, glucoside, gallate) increased the reactivity of the polyphenols. Most notablewas the difference
observed through a simple addition of the gallate group. Unraveling the importance of these polyphenols,
at a functional group level further opens the key to tailored design of bioactive compounds as potential
drug candidates.osphocholine; EGCg, Epi-gallo
, Lissamine™ Rhodamin B 1,2-
, Triethylammonium salt; TF,
.© 2014 Elsevier B.V. All rights reserved.1. Introduction
Polyphenols are a group of naturally occurring secondary metabo-
lites derived from shikimate-derived phenylpropanoid and polyketide
pathways. They feature more than one phenolic ring and are classiﬁed
based on the nature of their carbon skeleton: phenolic acids, ﬂavonoids,
stilbenes and lignans [1,2]. The most common sources of polyphenols
for humans are green tea, red wine, fruits and vegetables [3–5]. Poly-
phenols exhibit beneﬁcial traits such as anti-inﬂammatory, anti-cancer
and antioxidant activities [6–8]. The dietary intake of polyphenols is
remarkably high in comparison with other dietary antioxidants such
as vitamins C and E, carotenoids [9] and selenium [10]. They also chelate
highly redox-active metal ions [11–13] giving them an even stronger
protective effect against oxidative damage. This is attributed to the pres-
ence of aromatic OH groups, where the OH groups are located on thearomatic rings, the oxidation state of the C-ring, and the overall number
of OH groups present. Polyphenols, alongwith antioxidant vitamins and
enzymes, may help protect against cancer, atherosclerosis, aging, and
neurodegenerative diseases such as Parkinson's and Alzheimer's
which have been linked to oxidative stress [14–18]. A report by van
Acker et al. [19] suggested that some polyphenols could replace vitamin
E as a chain-breaking antioxidant in liver microsomal membranes.
Although there are many reports on beneﬁcial effects of polyphe-
nols, theirmechanisms are yet to bewell understood. Some recent stud-
ies have suggested that polyphenols may interact with membranes and
that those interactionsmay form the basis by which polyphenols confer
their beneﬁcial effects [20,21]. Green tea catechins have been found to
be biologically active through their interactions with cell membranes
[22]. With the use of plant decoctions as beverages (such as green tea)
in daily diet, particular attention has been paid in this respect to their
consumption and their action on the mucous membrane of the mouth
and alimentary tract [23]. Sirk and colleagues proposed that polyphe-
nols showed afﬁnity for the lipid bilayer by binding to the lipid head
groups near the bilayer surface (adsorption) and penetration into the
bilayer interface (absorption). Their results showed that polyphe-
nols form hydrogen bonds with membranes, with phenolic hydroxyl
groups serving as the hydrogen bond donors and oxygen atoms on
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of a gallate moeity is especially important, as polyphenols with
gallate moeity formed 40%more hydrogen bonds than those without
it. EGCg (Epi-gallo catechin gallate), one of the most studied cate-
chins (derived from green tea) readily forms hydrogen bonds with
the lipid bilayer. They indicated that the presence of the gallate
moeity and its cis conﬁguration with ring B promotes hydrogen
bond formation, thus suggesting that conﬁguration also plays an im-
portant role in bioactivity of polyphenols.
To further our understanding of the association of polyphenols with
membranes and how they relate to structure and bioactivity, we evalu-
ated the interactions between amodel membrane system and two clas-
ses of polyphenols used namely ﬂavonoids and stilbenes.We have used
giant unilamellar vesicles (GUVs) prepared from unsaturated phospho-
lipids DOPC (1,2-Dioleoyl-sn-glycero-3-phosphocholine), a major kind
of glycerophospholipids which constitutes the major composition of
membrane lipids (40–60%) [25]. GUVs have been actively studied as
cell models because they are similar to natural cell structures with re-
gard to size andmembrane composition, thus enabling the direct obser-
vation of the morphological changes in cell membranes upon external
stimuli such as temperature [26,27], oxidative stress [28], and amyloid
beta [29–31]. Polyphenols andmembranes are thought to mainly inter-
act with one another are via i) hydrogen-bonding and ii) hydrophobic
interactions [22,32]. A phenyl ring bearing a hydroxyl group (PhOH)
constitutes an amphiphilic moiety which can act as either a hydrogen-
bond donor or an acceptor. On the other hand, the hydrophobic char-
acter of the planar aromatic nucleus of phenol, function as π stacking
(van der Waals) interactions supporting hydrophobic models for
polyphenols-membrane interactions [1]. In order to further our un-
derstanding of the way various functional groups, and their relative
locations on the aromatic rings and chains inﬂuence the bio-
activity of polyphenols, it is important to study the bioactivity of
structurally different polyphenols. We have therefore selectively
chosen ﬂavonoids and stilbenes classes of polyphenolic compounds.
Please refer to Scheme 1 in SI (supporting information) for the struc-
tures of the stilbenes and ﬂavonoids that we used in this study. In the
ﬂavonoid class of compoundswe have chosen green tea gallocatechins;
(GC) gallocatechin and its galloylated derivative EGCg and black
tea theaﬂavins; (TF) theaﬂavin and its galloylated derivative TF-2
(theaﬂavin-3-gallate). For stilbenes we have chosen resveratrol and
its derivative piceid both of which are found in red grapes. Piceid is a
stilbenoid glucoside and is amajor resveratrol derivative in grape juices.
The gallate side chains in ﬂavonoids or the glucosidemoiety in stilbenes
could provide essential insights about the hydrogen bonding interac-
tions of structurally different polyphenols with lipid vesicles.
Our results have showed that the two classes of polyphenols induced
opposite biophysical changes (phospholipid re-packing) to the mem-
brane system studied. Brieﬂy, ﬂavonoids majorly caused membrane
aggregation whereas stilbenes mediated membrane ﬂuctuation. We
also observed the difference in frequency and intensity of membrane
transformation within the same class of polyphenols.
2. Materials and methods
2.1. Materials
Polyphenols of N97% purity were purchased: TF and TF-2 from
Wako Pure Chemicals (Japan); piceid from LKT Laboratories
(Japan); resveratrol, GC and EGCg from Sigma-Aldrich Co. (USA).
DOPC, chloroform, and methanol were obtained from Avanti Polar
Lipids (USA), Kanto-Chemical (Japan), and Nacalai Tesque (Japan), re-
spectively. Fluorescent label of DOPC, rhodamine DHPE (Lissamine™
Rhodamin B 1,2-Dihexadecanoyl-sn-Glycero-3-Phosphoethanolamine,
Triethylammonium salt) (λex = 560 nm, λem= 580 nm) was obtained
from Invitrogen. All other reagents were purchased from Wako Pure
Chemical (Tokyo, Japan) and were of analytical grade. Deionizedwater obtained from Millipore Milli-Q puriﬁcation system (Millipore,
Bedford, MA, USA) was used for reagent preparation and for cleaning
of glassware.
2.2. Preparation of lipid vesicles
Cell-sized lipid vesicles (giant unilamellar vesicles (GUVs; model
membranes/liposomes) were prepared from DOPC following the natu-
ral swelling method by dissolving in chloroform/methanol (2:1 (v/v))
in a glass tube [26–28]. The ﬁnal concentration of DOPC was 0.2 mM.
The organic solvent was then evaporated under a nitrogen ﬂow and
dried under vacuum to make a dry ﬁlm at the bottom of the test tube.
The tube was placed in a desiccator for 3 h to remove the organic
solvent. The ﬁlm was then swollen with Milli Q for 24 h at room
temperature.
2.3. Preparation of polyphenol solutions
EGCg and piceid were prepared by dissolving in Milli-Q. TF, TF-2, GC
and resveratrol were prepared by dissolving in aqueous methanol
(14.25% (v/v)). All stock solution was made at the concentration of
1 mM and stored at −25 °C. When they were used for experiments,
in all of them methanol was diluted 10 times with Milli Q water. The
ﬁnal working solution was 100 μM.
2.4. Interaction of polyphenols with cell-sized liposome
5 μL of the liposome solution and 5 μL of 100 μMpolyphenol solution
were poured into a test tube and gently mixed by soft tapping. Then,
5 μL of resultant mixture was used for microscope observation to detect
membrane dynamics induced by polyphenols. The ﬁnal concentration
of polyphenol was 50 μM. Observation of the vesicular dynamics was
within 2 min of polyphenol solution introduction to the lipid vesicles.
Since experimental procedures affect the interaction between our
considered membrane system and the polyphenols, we carefully
followed the exact same experimental conditions and procedures for
each analysis, and conducted at least 30 replicates for each polyphe-
nol/membrane interaction.
2.5. Microscopic observation
A liposome solution (5 μL) prepared abovewas placed in siliconwell
(0.2 mm) on a slide glass and covered with a small cover slip. This well
provides a space between glass slide and glass cover for liposomes, thus
preventing the disruption of liposome integrity caused by their direct
contact with the slide or cover [33]. Changes in membrane morphology
were observed using a phase-contrast microscope (Olympus BX50;
Olympus, Japan), at RT.
2.6. Image processing
During observation, images of changes in membrane morphology
were recorded on a hard-disc drive at 30 frames s−1. The images was
then processed using Image J software [26,33] We analyzed membrane
ﬂuctuation as a function of radius and its distribution r(θ,t) (θ= 2π/n,
n = 0, 1, 2,…, 100) [34]. When the value σ ≤ sqr(r(θ) − b rN)2N/
br N is equal to andmore than 1.3%, liposome is considered to be ﬂuctu-
ating [26].
3. Results and discussion
In this work, we have investigated the effect of two classes of poly-
phenols: trans-stilbenes and ﬂavonoids. The choice of representative
candidates was not accidental. EGCg has been reported extensively in
literature, thus providing us a good reference point for our current
study [22–24] as has resveratrol [1]. Resveratrol ﬁrst came into
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Paradox”, which unveiled a lower incidence of coronary heart diseases
in France as a consequence of the regular drinking of wine, and this,
despite a high dietary intake of fat [1,35]. As far as we are aware, TF
and picead have been reported only once [36,37], and its galloylated
derivative TF-2 has not beenwhile catechin gallate has received limited
attention. Having structures that are closely related (between group
comparison) and closely related at functional group level (within class
comparison) has enabled us to drawa structure-dependent relationship
between the polyphenols and their interaction with the lipid bilayer.
3.1. Spatio-temporal membrane dynamics induced by ﬂavonoids
We introduced the fourﬂavonoids to the lipidmodelmembrane solu-
tion, at ﬁnal concentrations of 50 μMand 0.1mM, respectively. Real-time
observation of the mixture using an optical microscope revealed three
distinct spatio-temporal lipid membrane transformations (Fig. 1). The
lipid vesicles either burst with subsequent release of daughter vesicles
(A); or burst with subsequent release of small lumps (B); or formed
small endo-buds (C). Formationof small lumps leading to vesicle bursting
in the presence of EGCg has previously been reported [38]. The authors
detected hole formation a step before the formation of a lump. In our
study, Movie SII (in SI) clearly shows the opening of the vesicle prior to
release of pre-formed lumps. We did not observe hole-formation prior
to lump formation. All the three membrane transformation pathways
underwent an aggregation as the ﬁrst step. Some of the aggregation
ratewas so fast that we could not clearly capture the transformation pro-
cess. Aggregation was followed either by the formation of (i) endo-buds,
(ii) small vesicles or (iii) small lumps, resulting in a visible decrease in
membrane diameter (seeMovies SI and SII in SI). Some liposomes aggre-
gated relatively slowly and were still undergoing aggregation by the end
of the 30min observation period. This pathway ismost likely an interme-
diate step toward one of the three pathways discussed above.We termed
this membrane transformation simply as aggregation. These results indi-
cated thatﬂavonoid-induceddynamics ofmodelmembraneswas charac-
terized by the appearance of aggregationwhich rendered themembranesFig. 1. Typical phase contrast images of spatio-temporal membrane transformation pathw
(Epigallocatechin gallate; Gallocatechin; Theaﬂavin and Theaﬂavin-3-gallate). The tra
(B) or burst with subsequent release of small lumps; or (C) small endo-buds formation.
at 30 frames s−1. They were subsequently processed using Image-J.more rigid. Membrane rigidiﬁcation in the presence of a ﬂavonoid,
genistein, has been reported [39]. The mechanism can be explained by
possible changes in membrane phospholipids upon their binding
with ﬂavonoids. There are two oppositely-acting major forces existing
among phospholipids in the interfacial region of lipid bilayer and control-
ling the surface area (a) permolecule. They are hydrophobic attraction at
the hydrocarbon–water interface and repulsion of the phospholipid
headgroups. The former force,which is generated from interfacial tension
among identical molecules, causes the molecules to assemble and
decreases the surface area, a (Fig. S3). In contrast, the latter, which
includes steric repulsive interaction, hydration force, and electrostatic
double-layer contribution, tends to disaggregate the molecules and
increases a [40]. Changes in the balance between the two forces signiﬁ-
cantly inﬂuence membrane area and dynamics. NMR and FTIR spectro-
scopic investigations have shown that some ﬂavonoids such as
genistein and green tea catechins interact withmembrane phospholipids
at the interface [22,39]. In this study, we propose that hydrogen atoms of
polyphenolic hydroxyl groups in EGCg, GC, TF, and TF-2 formedhydrogen
bonds with oxygen atoms of phospholipid headgroups. This interaction
may reduce the number of water molecules surrounding the phosphate
and carbonyl groups of the headgroups, thus decreasing hydration force
between them. In addition, the binding of phosphate groupswith the ex-
ternal compoundsmay induce the headgroup of phospholipids to change
its orientation from nearly parallel to perpendicular with respect to the
membrane surface. This conformational change decreased the space
occupied by headgroups [41]. Thus, ﬂavonoids/membrane lipids interac-
tion reduced repulsive force among phospholipid headgroups, resulting
in (i) the aggregation of phospholipids and (ii) a smaller surface area
per molecule. Because of their big and globular shape, ﬂavonoids may
not be able to penetrate into the interior of lipid bilayers. They aremainly
associated with the headgroup region of the outer leaﬂet and induced a
big decrease in area of this leaﬂet compared to the inner. When the
area difference between the two leaﬂets reached a critical unstablility
point, buds, small vesicles or small lumpswere formed toward the inside
of mother vesicles. In the ﬁrst and second transformation pathways
(Fig. 1), the number of daughter vesicles and small lumpswas noticeablyays of lipid vesicles in response to the presence of four different types of ﬂavonoids
nsformations culminated (A) burst with subsequent release of daughter vesicles;
The images were captured in real-time using a phase contrast microscope recorded
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semblies caused enough pressure against the membrane surface, leading
to the burst of the mother vesicle and the eventual release of the small
lipid assemblies.
The four studied ﬂavonoids had different effects with respect to the
frequency and distribution proﬁle of membrane transformation. Lipo-
somes showed morphological changes with higher percentage in the
presence of TF-2 N TF N EGCg N GC (Fig. 2A) corresponding to the num-
ber of phenolic gallate groups and hydroxyl groups in polyphenols. Mo-
lecular size and shape are also important. They inﬂuence how the
polyphenols interact with the membrane, following this initial H-bond
driven interaction. The latter will be discussed later on in the manu-
script. TF induced transformation in most of the vesicles (n = 30),
with 70% of vesicles undergoing aggregation. Endo-bud formation was
observed in 27% of all vesicles. Burst with subsequent release of daugh-
ter vesicle releasewas also clearly captured in some liposomes (3%). The
galloyllated derivative of TF, TF-2 caused all vesicles to burst with subse-
quent release of daughter vesicle release, most likely derived from a
higher decrease rate in membrane area. In the case of EGCg, 86% of all
vesicles (n = 30) underwent three forms of transformation: aggrega-
tion (48% of transformation), burst with subsequent release of small
lumps (30%), and burst with subsequent release of daughter vesicles
(22%). Having no gallate group (compared with EGCg), GC exhibited a
signiﬁcantly less membrane destabilization at 30% compared to the
86% transformation in the presence of EGCg. All the transformed vesi-
cles underwent aggregation (Fig. 2B). The result clearly shows that
changes in the hydrophilic side chain (gallate and hydroxyl group)
number signiﬁcantly inﬂuence the reactivity of ﬂavonoids. It has been
concluded that the presence of a gallate moiety is especially important,
as polyphenols with gallate moiety formed 40% more hydrogen bonds
than those without it [24]. Erlejman et al. also reported the necessity
of hydroxyl groups in ﬂavonoids for the interaction of ﬂavonoids with
membranes [42].
3.2. Kinetics of membrane shrinkage caused by ﬂavonoids
In order to increase our understanding on any membrane changes
and their possible relationship to ﬂavonoid structure, we investigated
the kinetics of membrane shrinkage, which calculates changes in sur-
face area over time, of EGCg and TF as representatives of the ﬂavan-3-
ols and the oxidative derivative, respectively. We used TF rather than
TF-2 because the membrane transformation caused by the latter was
too fast for us to capture clear images. Fig. 3A unequivocally showsFig. 2. Flavonoids inducedmembrane transformations. (A) Percentage of transformed lipid vesi
ways induced by the ﬂavonoids.that EGCg induced a faster membrane shrinkage than TF. This is inter-
esting when we consider that the latter caused a higher percentage of
membrane transformation. As discussed above, phenolic hydroxyl
groups play an important role in the interaction between ﬂavonoids
and membrane lipids. TF has more hydroxyl groups than EGCg, thus
being able to interact with headgroups of membrane lipids to a bigger
extent than EGCg. This suggests that the kinetics of membrane shrink-
age in the presence of ﬂavonoids may be caused by an interplay be-
tween a ﬂavonoid's size and shape as well as the molecular packing
properties of themolecules in membranes. It has been shown previous-
ly that the shape of lipid vesicles is determined by the correlation
among optimal surface area a0, hydrocarbon volume v and critical
chain length lc, called shape factor v/a0lc. The smaller shape factor of
phospholipid is, or the more conical the molecule is, the more curved
and smaller lipid vesicle is formed [40]. TF has a big and globular
shape, while EGCg is smaller and less globular. Therefore, the latter
could insert in the headgroup region of outer leaﬂet of the lipid bilayers
while the former only adsorbed onto the surface of the bilayer. As a re-
sult, the complex of two phospholipids and a central ﬂavonoid was
more conical for EGCg than TF (Fig. 3B). This enabled EGCg to render
lipid vesicles more curved and smaller and at a faster rate compared
to TF.
3.3. Flavonoids mediate phase separation in a mono-composed lipid
bilayer vesicle
As seen in Fig. 1A andMovie SII (in SI), there is a distinct formation of
black clusters (aggregates) in some lipid vesicles after addition of ﬂavo-
noids. Wewere interested in ﬁnding out the property(ies) of these dark
regions. We therefore, labeled the membrane phospholipid (DOPC)
using a ﬂuorescent dye, rhodamine DHPE, that speciﬁcally binds to
DOPC. Then, we exposed the lipid vesicles to the four ﬂavonoid solu-
tions. First, wewere able to conﬁrm that these lumps consisted of phos-
pholipids, although we could not rule out the presence of ﬂavonoids in
the small lumps. In the presence of TF, a sudden transition from one-
phase to two-phase separated membranes was clearly observed
(Fig. 4). This phenomenon was not observed with addition of EGCg
and piceid (data was not shown). A real-time observation by both ﬂuo-
rescent and phase-contrast modes showed that most of all non-labeled
regions in phase-separated liposomes coincided with the dark areas in
aggregated liposomes (Fig. 4). This suggests that TF may exist in these
regions and the interaction of the compoundwithmembrane phospho-
lipids affects the binding of phospholipids with their ﬂuorescent probe.cles in the presence of four ﬂavonoids; (B) Distribution of membrane transformation path-
Fig. 3.Kinetics ofmembrane shrinkage induced by ﬂavonoids. (A) Time-dependent change inmembrane surface area during the shrinkage in response to epigallocatechin gallate (green)
and theaﬂavin (blue); (B) Schematic illustration of the interaction of ﬂavonoids with membrane phospholipids and its effect on membrane curvature. This illustration attempts to dem-
onstrate the importance of ﬂavonoid size and shape in inﬂuencing how the ﬂavonoid interacts with themembrane surface. It should be noted that the initial interaction, which is H-bond
driven (and inﬂuenced by the number of phenolic OH groups) is not captured in this illustration.
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served found in two ormore-component liposomes induced by changes
in temperature, pH, or photo-oxidation [43–45]. However, this is the
ﬁrst time that the phase transition of one-component liposomes has
been reported. We are aware that this is an interesting phenomenon
but we do not yet currently understand the mechanism. We propose
that the relatively strong (comparedwith EGCg and picead) hydrophilic
interactions between TF and the polar headgroups of the lipid play a
strong role. We have started to look into this interesting phenomenon
and hope to report the ﬁndings in a near future.
3.4. The interaction of trans-stilbenes with bilayer lipid membranes
Fig. S4 in SI shows phase-contrast images of membrane transforma-
tion induced by resveratrol and piceid. Four transformation pathways
were clearly observed, including ﬂuctuation (A), exo-ﬁlament (B),
stomatocyte (C), and small exo-bud (D). During the transformation pro-
cess, all lipid vesicles underwent ﬂuctuation. This indicates that the
trans-stilbenes inserted into lipid bilayer and cause membrane area to
increase. The membrane excess area led to a reduction in volume
(V) to area (A) ratio and resultantﬂuctuation [26,46]. The insertion hap-
penedﬁrst in the outer leaﬂet of bilayer, rendering the area of this leaﬂet
lager than the inner. As a result, exo-ﬁlaments or small exo-buds couldbe formed following ﬂuctuation to relieve the membrane excess area.
When the external compounds penetrated deeply into the inner leaﬂet,
a bigger change in the area of two leaﬂets was induced, but the area dif-
ference between the inner and outer leaﬂets decreased. In this case,
negatively curved regions (stomatocyte) were formed in order to re-
dress the change which had brought an increase in energy [47].
Similar to ﬂavonoids, we observed a difference in how the two
trans-stilbenes, resveratrol and its glucoside derivatives piceid affected
membrane dynamics. In the presence of resveratrol, 70% of all vesicles
(n=30) underwent transformation through three separate pathways:
ﬂuctuation (52%), exo-ﬁlament formation (34%), and stomatocyte for-
mation (14%). Piceid mediated transformation of 87% of the vesicles
(n= 30). More than a half of transformed vesicles underwent ﬂuctua-
tion (69%). Exo-ﬁlament and small exo-buds were formed in 15% and
12% of the vesicles, respectively. Stomatocyte was captured in only 4%
of the destabilized vesicles (Fig. 5A&B). The rather elongated linear
and lypophilic structure of resveratrol suggests that it may insert into
the bilayer, intercalating between membrane phospholipids [48].
From our ﬁndings, we agree with a previous study which reported
that resveratrol inserts a bit more deeply into the lipid bilayer than
piceid, although the latter also does insert rather than adsorbing onto
the surface of the outer leaﬂet [37]. The reason for the difference is
that picead having the glucoside moiety (four additional hydroxyl
Fig. 4. Phase separation in mono-composed lipid bilayer vesicles induced by theaﬂavin. (A) Typical ﬂuorescent images of DOPC vesicles and the ﬂuorescent intensity of the vesicles mea-
sured at the beginning of observation (blue) and after a 10-minobservation period (red) (i), the corresponding phase contrast images of DOPCvesicles and the gray intensity of the vesicles
measured at the beginning of observation (black) and after a 10-min observation period (gray) (ii); (B) Typical ﬂuorescent images of phase separation induced in lipid vesicles in the pres-
ence of theaﬂavin and the ﬂuorescent intensity of the vesicles measured before (blue) and after 10 min (red) (i), the corresponding phase contrast images and the gray intensity of the
vesiclesmeasured before (black) and after 10min (gray) (ii). The imageswere captured in real-time using a ﬂuorescent contrast microscope recorded at 30 frames s−1 and subsequently
processed using Image-J.
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tion, the substitution of a small OH groupwith a glucosidemakes piceid
longer, thus producing a larger distance between twomembrane phos-
pholipids when it inserts into the bilayer. Therefore, piceidwas likely to
induce a faster ﬂuctuation rate of vesicles as we have shown in Fig. 5C.
3.5. Unraveling the differences between ﬂavonoids' and trans-stilbenes'
interactions with bilayer lipid membranes
It is highly interesting to observe the two differing possible mecha-
nisms of interactions – and their effect on membranes – between the
two classes of polyphenols that we have studied in this work. Flavonoids
caused lipid membranes to aggregate and a decrease in membranesurface area, leading to membrane rigidiﬁcation, while trans-stilbenes
largely had an opposite effect. Flavonoids, with their more globular
structure interactedmainlywith the outer leaﬂet of themembrane, caus-
ing area reduction on the outer leaﬂet. In order to redress this instability,
negative curvature occurred leading to formation of either small lumps or
small endo-vesicles, which detached from the surface and could be
observed migrating into the inner aqueous vesicular space. Stilbenes
induced membrane ﬂuctuation caused by increasing excess surface area
[46] which in turn caused an increase in membrane ﬂuidity [26]. Why
does a simple opening of the ﬂavonoid aromatic C ring into an oleﬁn
group change the membrane properties from rigid to ﬂuid? Here, we
attempt to discuss this difference. Flavonoid possesses a considerably
big, globular structure with many surrounding polar hydroxyl groups
Fig. 5.Membrane transformation induced by trans-stilbenes. (A) Percentage of transformed lipid vesicles upon introduction of resveratrol and piceid; (B) Distribution ofmembrane trans-
formation pathways induced by resveratrol and piceid; (C) The degree of membrane ﬂuctuation caused by resveratrol and piceid. Membrane ﬂuctuation was calculated as a function of
radius and its distribution σ≤ sqr(r− brN)2N/br N (θ= 2π/n, n= 0, 1… 100). A lipid vesicle is considered to be ﬂuctuating when the value σ is equal to or more than 1.3%.
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bic regionwithin the lipid bilayers, conﬁning interaction at the hydrophil-
ic interface, and inducing an assembly of phospholipid molecules.
Conversely, the opening of benzyl ring forms a linear shape of trans-
stilbenes with two hydrophilic ends and the central hydrophilic region
(Fig. S2). This structure enables the compounds to insert into lipid bilay-
ers. Fabris and colleagues suggested that the insertion is perpendicular
to the membrane surface [37]. We propose that the stilbenes orient
themselves at an angle near parallel to the membrane surface, where
the polar ends can interact with hydrophilic head groups of the adjacent
phospholipids and the non-polar region locates into the hydrophobic side
chain interior of lipid bilayers (Fig. S4). This conﬁguration enabled trans-
stilbenes to expand the membrane area.
4. Conclusions
We have shown that polyphenols interact with model membranes
in a structure-dependent manner. Two classes of polyphenols, ﬂavo-
noids and trans-stilbenes, induced transformation of lipid vesicles by
changing membrane properties by two completely opposite means.
Due to the presence of gallate, galloyl and hydroxyl groups, ﬂavonoids
were able to form hydrogen bonds with head group of membrane
phospholipids. Theymainly affected hydrophilic region of lipid bilayers,
mediated phospholipid aggregation, thus causing a decrease in mem-
brane area and rendering membrane more rigid. Trans-stilbenes, with
anopening benzyl ring structure tended to insert deeply into hydropho-
bic interior of lipid bilayers and increased membrane area. As a conse-
quence, membrane became more ﬂuid and underwent ﬂuctuation.
The penetration of trans-stilbenes into model membrane was slightly
inhibited by the addition of a glucoside moiety which makes the
compoundmore hydrophilic, rendering the bioreactivity of piceid closer
to the membrane surface than resveratrol. Further, the presence of the
glucoside group increased the interaction of the stilbene. For all the
polyphenols, the higher number of hydrophilic side chains (hydroxyl,
gallate, galloyl, glucoside), the more interactive the polyphenol was
with the membrane. These results are useful for understanding themechanism by which polyphenols inﬂuence cell membranes and play
beneﬁcial roles in many biological processes. Small changes and/or ad-
ditions of a side chain provided profound difference. The most notable
was the difference through addition of the gallate group (comparing
GC with EGCg). Unraveling the importance of these polyphenols, at a
functional group level further opens the key to tailored design of bioac-
tive compounds as potential drug candidates.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamem.2014.07.001.Acknowledgments
This work was supported by a KAKENHI Grant-in-Aid for Scientiﬁc
Research (B) and (C) from JSPS (23560940 and 26289311, respectively).
H. T. T. P. is supported by Vietnam government scholarship. T. Y. and M.
M. are supported by a research fellowship from JSPS (2410297 and
2310735, respectively).References
[1] S. Quidea, D. Defﬁeux, C. Douat-Casassus, L. Pouységu, Plant polyphenols: chemicals
properties, biological activities, and synthesis, Angew. Chem. Int. Ed. 50 (2011)
586–621.
[2] A. Scalbert, G. Williamson, Dietary intake and bioavailability of polyphenols, J. Nutr.
130 (2000) 2073–2085.
[3] J. Hong, H. Lu, X. Meng, J. Ryu, Y. Hara, C.S. Yang, Stability, cellular uptake, biotrans-
formation, and efﬂux of tea polyphenol (–)-epigallocatechin-3-gallate in HT-29
human colon adenocarcinoma cells, Cancer Res. 62 (2002) 7241–7246.
[4] S. Mannino, O. Brenna, S. Buratti, M.S. Cosio, A newmethod for the evaluation of the
‘antioxidant power’ of wines, Electroanalysis 10 (1998) 908–912.
[5] A.J. Blasco, M.C. González, A. Escarpa, Electrochemical approach for discriminating
and measuring predominant ﬂavonoids and phenolic acids using differential pulse
voltammetry: towards an electrochemical index of natural antioxidants, Anal.
Chim. Acta. 511 (2004) 71–81.
[6] C.A. Rice-Evans, L. Parker, Flavonoids in Health and Disease, New York, Marcel Dek-
ker, 1998.
[7] A.K. Samhan-Aris, F.J. Martín-Romero, C. Gutiérrez-Merino, Kaempferol blocks oxi-
dative stress in cerebellar granule cells and reveals a key role for reactive oxygen
species production at the plasma membrane in the commitment to apoptosis,
Free Radic. Biol. Med. 37 (2004) 48–61.
2677H.T.T. Phan et al. / Biochimica et Biophysica Acta 1838 (2014) 2670–2677[8] J.B. Harborne, C.A.Williams, Advances in ﬂavonoid research since 1992, Phytochem-
istry 55 (2000) 481–504.
[9] T. Hirvonen, J. Virtamo, P. Korhonen, D. Albanes, P. Pietinen, Intake of ﬂavonoids, carot-
enoids, vitamins C and E, and risk of stroke in male smokers, Stroke 10 (2000)
2301–2306.
[10] E. Monsen, The compleat dietitian, J. Am. Diet. Assoc. 100 (2000) 1008–1009.
[11] L. Mira, M.T. Fernandez, M. Santos, R. Rocha, M.H. Florêncio, K.R. Jennings, Interac-
tions of ﬂavonoids with iron and copper ions: a mechanism for their antioxidant
activity, Free Radical Res. 36 (2002) 1199–1208.
[12] J.E. Brown, H. Khodr, R.C. Hider, C.A. Rice-Evans, Structural dependence of ﬂavonoid
interactions with Cu2+ ions: implications for their antioxidant properties, Biochem. J.
330 (1998) 1173–1178.
[13] M. Vestergaard, K. Kerman, E. Tamiya, An electrochemical approach for detecting
copper-chelating properties of ﬂavonoids using dispensable pencil graphite electrodes:
possible implications in copper-mediated illnesses, Anal. Chim. Acta. 538 (2005)
273–281.
[14] R.G. Pietta, Flavonoids as antioxidants, J. Nat. Prod. 63 (2000) 1035–1042.
[15] F. Shahidi, P.K. Wanasundara, Phenolic antioxidants, Crit. Rev. Food Sci. Nutr. 32
(1992) 67–103.
[16] D. Blake, P.G. Winyard, Immunopharmacology of Free Radical Species, San Diego,
Academic Press, 1995.
[17] D.J. Harman, Aging: a theory based on free radical and radiation chemistry, Geron-
tology 11 (1956) 289–300.
[18] B. Halliwell, J.M. Gutteridge, Free Radicals in Biology and Medicine, Oxford Universi-
ty Press, Oxford, 1998.
[19] F.A.A. van Acker, O. Schouten, G.R.M.M. Haenen, W.J.F. van der Vijgh, A. Bast, Flavo-
noids can replace α-tocopherol as an antioxidant, FEBS Lett. 473 (2002) 145–148.
[20] H. Tsuchiya, Structure-dependent membrane interaction of ﬂavonoids associated
with their bioactivity, Food Chem. 120 (2010) 1089–1096.
[21] J. Brittes, M. Lucio, C. Nunes, J.L.F.C. Lima, S. Reis, Effects of resveratrol on membrane
biophysical properties: relevance for its pharmacological effects, Chem. Phys. Lipids
163 (2010) 747–754.
[22] H. Tsuchiya, Stereospeciﬁcity in membrane effects of catechins, Chem. Biol. Interact.
134 (2001) 41–54.
[23] J.P. McManus, K.G. Davis, J.E. Beart, S.H. Gaffney, T.H. Lilley, E. Haslam, Polyphenol inter-
actions. Part 1. Introduction; someobservations on the reversible complexation of poly-
phenols with proteins and polysaccharides, J. Chem. Soc. 11 (1985) 1429–1438.
[24] T.W. Sirk, E.F. Brown, A.K. Sum, M. Friedman, Molecular dynamics study on the bio-
physical interactions of seven green tea catechins with lipid bilayers of cell mem-
branes, J. Agric. Food Chem. 56 (2008) 7750–7758.
[25] T.P.W.McMullen, R.N.A.H. Lewis, R.N. McElhaney, Cholesterol–phospholipid interac-
tions, the liquid-ordered phase and lipid rafts in model and biological membranes,
Curr. Opin. Colloid Interface Sci. 8 (2004) 459–468.
[26] M.C. Vestergaard, T. Yoda, T. Hamada, Y. Akazawa-Ogawa, Y. Yoshida, M. Takagi, The
effect of oxycholesterols on thermo-induced membrane dynamics, Biochim.
Biophys. Acta Biomembr. 1808 (2011) 2245–2251.
[27] T. Yoda, M.C. Vestergaard, T. Hamada, P.T.M. Le, M. Takagi, Thermo-induced vesicular
dynamics of membranes containing cholesterol derivatives, Lipids 47 (2012) 813–820.
[28] T. Yoda, M.C. Vestergaard, Y. Akazawa-Ogawa, Y. Yoshida, T. Hamada, M. Takagi, Dy-
namic response of a cholesterol-containing model membrane to oxidative stress,
Chem. Lett. 39 (2010) 1273–1274.
[29] M.F.M. Engel, L. Khemtémourian, C.C. Kleijer, H.I.D. Meeldijk, J. Jacobs, A. Verkleij, B.
de Kruijff, J.A. Killian, J.W.M. Höppener, Membrane damage by human islet amyloid
polypeptide through ﬁbril growth at themembrane, Proc. Natl. Acad. Sci. U. S. A. 105
(2008) 6033–6038.[30] M. Morita, M.C. Vestergaard, T. Hamada, M. Takagi, Real-time detection of model
membrane transformation pathways induced by different amyloid beta-40 oligo-
meric species, Biophys. Chem. 147 (2010) 81–86.
[31] M.C. Vestergaard, T. Hamada, M. Takagi, Real-time observation of model membrane
dynamics induced by Alzheimer's amyloid beta, Biotechnol. Bioeng. 99 (2008)
753–763.
[32] H. Tsuchiya, T. Tanaka, M. Nagayama, Antiproliferative effects associated with
membrane lipid interaction of green tea catechins, J. Health Sci. 54 (2008)
576–580.
[33] T. Hamada, R. Sugimoto, M.C. Vestergaard, T. Nagasaki, M. Takagi, Membrane
disk and sphere: controllable mesoscopic structures for the capture and re-
lease of a targeted object, J. Am. Chem. Soc. 132 (2010) 10528–10532.
[34] T. Hamada, Y. Miura, K. Ishii, S. Araki, K. Yoshikawa, M.C. Vestergaard, M. Takagi, Dy-
namic processes in endocytic transformation of a raft-exhibiting giant liposome, J.
Phys. Chem. B 111 (2007) 10853–10857.
[35] S. Renaud, M. de Lorgeril, Wine, alcohol, platelets, and the French paradox for coro-
nary heart disease, Lancet 339 (1992) 1523–1526.
[36] T.W. Sirk, M. Friedman, E.F. Brown, Molecular binding of black tea theaﬂavins
to biological membranes: relationship to bioactivities, J. Agric. Food Chem. 59
(2011) 3780–3787.
[37] S. Fabris, F. Mono, G. Ravagnan, R. Stevanato, Antioxidant properties of resveratrol
and piceid on lipid peroxidation in micelles and monolamellar liposomes, Biophys.
Chem. 135 (2008) 76–83.
[38] Y. Tamba, S. Ohba, M. Kubota, H. Yoshioka, H. Yoshioka, M. Yamazaki, Single GUV re-
veals interaction of tea catechin (–)-epigallocatechin gallate with lipid membranes,
Biophys. J. 92 (2007) 3178–3194.
[39] B. Pawlikowska-Pawlęga, L.E. Misiak, B. Zarzyka, R. Paduch, A. Gawron, W.I.
Gruszecki, Localization and interaction of genistein with model membranes formed
with dipalmitoylphosphatidylcholine (DPPC), Biochim. Biophys. Acta Biomembr.
1818 (2012) 1785–1793.
[40] J.N. Israelachvili, Intermolecular and Surface Forces, 2nd ed. Academic Press, New
York, 1992.
[41] T. Tanaka, Y. Tamba, S.M. Masum, Y. Yamashita, M. Yamazaki, La3+ and Gd3+ induce
shape change of giant unilamellar vesicles of phosphatidylcholine, Biochim. Biophys.
Acta 1564 (2002) 173–182.
[42] A.G. Erlejman, S.V. Verstraeten, C.G. Fraga, P.I. Oteiza, The interaction of ﬂavonoids
with membranes: potential determinant of ﬂavonoid antioxidant effects, Free Rad-
ical Res. 38 (2004) 1311–1320.
[43] S.L. Veatch, S.L. Keller, Separation of liquid phases in giant vesicles of ternary
mixtures of phospholipids and cholesterol, Biophys. J. 85 (2003) 3074–3083.
[44] A. Bandekar, S. Sofou, Floret-shaped solid domains on giant ﬂuid lipid vesicles in-
duced by pH, Langmuir 28 (2012) 413–4122.
[45] G. Staneva, M. Seigneuret, H. Conjeaud, N. Puff, M.I. Angelova, Making a tool of
an artifact: the application of photoinduced Lo domains in giant unilamellar
vesicles to the study of Lo/Ld phase spinodal decomposition and its modula-
tion by the ganglioside GM1, Langmuir 27 (2011) 15074–15082.
[46] H.T.T. Phan, T. Hata, M. Morita, T. Yoda, T. Hamada, M.C. Vestergaard, M. Takagi, The
effect of oxysterols on the interaction of Alzheimer's amyloid beta with model
membranes, Biochim. Biophys. Acta Biomembr. 1828 (2013) 2487–2495.
[47] J. Kas, E. Sackmann, Shape transitions and shape stability of giant phospholip-
id vesicles in pure water induced by area-to-volume change, Biophys. J. 60
(1991) 825–844.
[48] M. Brittes, M. Lúcio, C. Nunes, J.L.F.C. Lima, S. Reis, Effects of resveratrol on mem-
brane biophysical properties: relevance for its pharmacological effects, Chem.
Phys. Lipids 163 (2011) 747–754.
